The aim of this multicentre study was to compare T1 with T2 weighted MRI scans of the labyrinth after meningitis and to investigate whether waiting with scanning improved the reliability of diagnosing an ongoing process such as cochlear osteogenesis. Forty-Wve patients were included who suVered from meningitis induced hearing loss (radiological imaging <1 year after meningitis). Twentyone gadolinium enhanced T1 and 45 T2 weighted MRI scans were scored by two radiologists regarding the condition of the labyrinth. These radiological observations were compared with the condition of the cochlea as described during cochlear implantation. A higher percentage of agreement with surgery was found for T2 (both radiologists 73%) than for T1 weighted MRI scans (radiologist 1: 62%, radiologist 2: 67%), but this diVerence is not signiWcant. There was no signiWcant diVerence between early (0-3 months) and late (>3 months) scanning, showing that radiological imaging soon after meningitis allows early diagnosis without suVering from a lower agreement with surgical Wndings.
Introduction
Bacterial meningitis is an infamous cause of acquired hearing loss leading to profound bilateral hearing loss in up to 4% of those aVected [1, 2] . The incidence of meningitis induced hearing loss is diVerent for varying causative agents such as S. pneumoniae (31-36%), N. meningitidis (8-11%) and H. inXuenza (6-11%) [1] [2] [3] . Meningitis induced hearing loss is probably the result of the spread of infection to the inner ear via the cochlear aqueduct or modiolus and develops at an early stage of meningitis. The ensuing labyrinthitis is thought to be responsible for sensorineural hearing loss [4, 5] . When meningitis has led to a profound sensorineural hearing loss, cochlear implantation may provide auditory rehabilitation. Cochlear implantation is more successful and less current is needed when insertion of all electrodes in a patent cochlear lumen is achieved [6, 7] . This is more demanding when the route of insertion is obstructed by osteoneogenesis, especially at the end stage of this process when a lumen may only be created by drilling out hard bone in the cochlea. Such a situation occurs when labyrinthitis progresses to labyrinthitis ossiWcans. Some degree of ossiWcation of the cochlea has been described in 56-80% of people with postmeningitic deafness [7, 8] . In animal models it has been shown that the sequence of events, which starts with an inXammation that progresses to Wbrosis and ultimately to ossiWcation of the cochlea, commences the Wrst week after the onset of meningitis and bone deposition can continue for a year [9, 10] .
Information on the condition of the cochlea acquired via radiological imaging before the operation can assist the surgeon in choosing the cochlea in which the likelihood of optimal insertion of all electrodes is highest [11] . The timing when to implant a patient with osteoneogenesis is an important instrument in limiting the degree of hindrance during implantation because of the progressive character of cochlear osteoneogenesis. When the process of osteoneogenesis of the cochleae (including its early stage of Wbrosis) is identiWed one might consider implanting bilaterally to prevent losing the cochlear lumen of the second ear for implantation in the future [12] . Another important reason to limit the period between meningitis and cochlear implantation as much as possible is pointed out by Durisin et al. [13] , who indicate that audiological performance is better when the duration of deafness is minimized in children deafened by meningitis. However, the duration between meningitis and cochlear implantation is mainly determined by when an accurate diagnosis can be made. To establish preoperatively whether a patient deafened by meningitis suVers from osteoneogenesis of the cochlea and to what extent, one is dependent on radiological imaging. In several studies high resolution computed tomography (HRCT) of the temporal bone is found to be equivalent to T2 weighted MRI when evaluating gross bony alterations of the cochlea [14, 15] . When there is rapid ossiWcation of the cochlea, a CT-scan might be useful even at an early stage as pointed out by AschendorV et al. [16] , but one never knows whether such bony alterations will already be apparent if the osteoneogenesis is still ongoing. The advantage of T2 weighted MRI is that it provides an impression of Xuid displacement due to anatomical changes in the cochlea and is therefore capable of showing the preceding stage of Wbrosis as well as ossiWcation [17] [18] [19] . Figure 1 shows an example of a normal as well as an aVected cochlea, as seen on a T2 weighted MRI scan. Gadolinium enhanced T1 weighted MRI is especially geared towards establishing the presence of active labyrinthitis. This is due to its capability to show increased perfusion of the striae vascularis indicative of local inXammation [19] [20] [21] . A normal cochlea as well as a cochlea displaying pathologically increased perfusion, as seen on a T1 weighted MRI scan are shown in Fig. 2 . Extensive bone deposition in the cochlea impedes complete electrode insertion more severely than the preceding stages of minimal bone deposition and Wbrosis of the cochlea. Magnetic resonance imaging is well suited to detect depositions that are not yet calciWed. This makes it particularly useful if one aims to use radiological imaging in diagnosing the process of cochlear osteoneogenesis at a stage when the cochlear lumen is not yet severely compromised. In the present multicentre study the preoperative radiological Wndings of postmeningitic cochlear implant candidates are compared with the condition of the cochlea as encountered during surgery. The main objectives in the study are (1) to compare T1 with T2 weighted MRI scans of the labyrinth, (2) to investigate whether waiting with scanning improves the reliability of diagnosing an ongoing process such as meningitic osteoneogenesis, (3) to investigate whether the outcome is diVerent when only the cochlea instead of the whole labyrinth is observed.
Materials and methods
The study was set up as a multicentre study to increase the number of patients (radiological data) that could be included. Four European cochlear implant centres cooperated for this study: the Medical University of Hannover, the University Hospital of Freiburg, the Sint-Augustinus University Hospital and the Radboud University Medical Centre Nijmegen.
The data were included when a subject met the following inclusion criteria: profound hearing loss due to meningitis, availability of an MRI scan made within 1 year after the meningitic episode, availability of the surgical report of the cochlear implantation. A total of 45 patients were included (Table 1 ). This resulted in 45 T2 weighted MRI scans and 21 T1 weighted MRI scans.
All gadolinium enhanced T1 weighted MRI scans were made using a T1 Turbo Spin Echo (TSE) sequence. High resolution 3D constructive interference in steady state (CISS) sequence was used in all T2 weighted MRI scans.
The MRI scans were made using 1.5 Tesla MRI scanners. The slice thickness varied between 0.8 and 3 millimetre for the gadolinium enhanced T1 weighted MRI and between 0.7 and 1 millimetre for the T2 weighted images.
Two senior radiologists, both specialized in radiological imaging of the temporal bone, observed and scored the scans independently of one another. Only transverse scans were observed. The correlation between both radiologists was determined using the kappa score. The scores of each radiologist are presented separately ( Table 2 ). The labyrinth was looked at in detail and the scores of the diVerent regions were eventually summarized in a score for the condition of the cochlea and for the condition of the whole labyrinth (cochlea plus vestibulum and semicircular canals). The labyrinth was scored as abnormal by the radiologist when any anatomical disruption or change in perfusion (T1) was observed. Without such an alteration the anatomy was scored as normal.
The condition of the cochlea as experienced by the surgeon was scored to be normal (clear lumen) or abnormal (Wbrosis, ossiWcation) after reviewing the surgical notes of the various surgeons involved. The condition of the cochlea as described by the surgeon is mainly based on what was encountered in the scala tympani, especially in the basal turn. This is due to the fact the scala tympani was always opened and described during surgery even when implantation eventually took place in the scala vestibuli.
The observations of the radiologists were compared with the observation by the surgeon of the cochlea during implantation; the latter is used as gold standard.
Although the radiologists scored both ears for each patient, only the observation of the cochlea that was implanted was included. In the case of bilaterally implanted patients only the cochlea that was implanted Wrst was included to avoid bias.
In the present study the degree of agreement with surgical Wndings and the positive and negative predictive values were determined for the radiological observations of two overlapping anatomical regions: the cochlea and the complete membranous labyrinth (cochlea and vestibular system). The radiologists observed these anatomical regions on a gadolinium enhanced T1 and on a T2 weighted MRI scan.
The observations on T1 and T2 weighted MRI scans were compared to each other with regard to the agreement with surgery. The scores of both MRI modalities were also compared with the score of T1 and T2 combined to investigate additional value. In the latter case the scores of T1 and T2 weighted MRI were converted into a single 'combined' score for MRI which was said to be abnormal when pathology was observed on T1 or on T2 weighted MRI.
For most comparisons in this study the judgement of the whole labyrinth was used because the vestibular system constitutes one continuous system with the cochlea and it has been shown that if one area is aVected then this is likely to be more widespread [22] . To check whether judging the whole labyrinth or just the cochlea would indeed inXuence the outcome we compared the diVerences in observations of the whole labyrinth versus just the cochlea regarding the agreement with surgery. The impact of the duration between the meningitic episode and the moment of radiological imaging on the degree of agreement with surgical Wndings was analysed by dividing the T1 and T2 weighted MRI scans in early (0-3 months) and late (>3 months) groups and comparing these two groups.
The McNemar test was used to compare the levels of agreement with surgical Wndings of T1 and T2 weighted MRI and with the combined MRI score. The importance of the timing of the MRI was determined by comparing the early (Wrst 3 months) with the late (>3 months) group using Fisher's exact test. The level of signiWcance used was 0.05.
Results
Radiological abnormalities in the labyrinth were found by radiologist 1 on 16 of the 21 T1 weighted MRI scans (76%) and on 37 of the 45 T2 weighted MRI scans (82%). Radiologist 2 detected abnormalities on 16 of the 21 T1 weighted scans (76%) and on 35 of the 45 T2 weighted scans (78%). Meningitis was caused by S. pneumoniae (Table 1) in 79% of the patients in which the causative agent was identiWed. In 76% of the patients in this study an abnormal cochlear lumen was encountered during cochlear implantation. Surgery was performed within 3 months after the MRI scans were made in 22 cases (17 pathological cochleae) and in the remaining 23 cases cochlear implantation took place more than 3 months after the MRI scans were made (17 pathological cochleae).
For radiologists 1 and 2 there was no signiWcant diVerence between their observations on T1 and T2 weighted MRI of the labyrinth in terms of the degree of agreement of both types of MRI with surgical Wndings.
Radiologist 1: 62% agreement T1 MRI versus 73% agreement T2 MRI (P = 1.00). Radiologist 2: 67% agreement T1 MRI versus 73% agreement T2 MRI (P = 1.00).
The combined score on T1 and T2 weighted scans for radiologist 1 agreed with surgical Wndings in 67%. This was not signiWcantly better than T1 weighted scans of the labyrinth (62%) and not signiWcantly worse than the agreement of T2 weighted MRI (73%) (P = 1.00 for both comparisons). The scores on T1 and T2 weighted MRI overlapped in 76% of the cases. When the scores of T1 and T2 weighted MRI disagreed it turned out that the T1 weighted MRI was correct (agreeing with surgery) in three cases and the T2 weighted MRI in two cases.
When the combined score of T1 and T2 weighted MRI of the labyrinth was taken as a point of reference for radiologist 2, it was found that observations on T1 (67%) or T2 (73%) weighted scans did not diVer signiWcantly (P = 1.00 for both comparisons) from this combined MRI (71%) score with regard to the agreement with surgery. The T1 and T2 weighted MRI had the same score in 80% of the cases. Of the four cases that did not overlap T1 MRI was correct in two cases and T2 in the other two cases.
When radiologist 1 only observed the cochlea instead of the whole labyrinth the degree of agreement with surgery was lower, but not signiWcantly so for both types of MRI.
Radiologist 1: 57% agreement T1 cochlea versus 62% agreement T1 labyrinth (P = 1.00). 71% agreement T2 cochlea versus 73% agreement T2 labyrinth (P = 1.00). Similar outcomes were found for radiologist 2. Radiologist 2: 62% agreement T1 cochlea versus 67% agreement T1 labyrinth (P = 1.00). Radiologist 2: 68% agreement T2 cochlea versus 73% agreement T2 labyrinth (P = 1.00).
For the positive predictive value and negative predictive values see Table 2 . The positive predictive value and negative predictive value did not change signiWcantly either when the observation was limited to the cochlea on T1 or T2 weighted MRI (for all comparisons P > 0.05).
Whether T1 weighted MRI scans of the labyrinth were made within or after the Wrst 3 months following meningitis did not have a signiWcant inXuence on the agreement of the observations by radiologists 1 and 2 with surgical Wndings.
Radiologist 1: 66% agreement 0-3 months versus 56% agreement >3 months (P = 0.66). Radiologist 2: 69% agreement 0-3 months versus 63% agreement >3 months (P = 1.00).
Thirteen T1 weighted MRI scans were made within 0-3 months after the meningitic episode, the other eight were made later than 3 months.
A similar pattern was found for T2 weighted MRI scans in which the duration between scanning and the meningitic episode did not signiWcantly inXuence the agreement between the scans and surgical Wndings (Table 3 ).
Radiologist 1: 82% agreement 0-3 months versus 65% agreement >3 months (P = 0.31). Radiologist 2: 77% agreement 0-3 months versus 70% agreement >3 months (P = 0.74).
Of the total 45 T2 weighted MRI scans 22 were made 0-3 months postmeningitic, 23 were made 3-12 months after the meningitic episode.
Discussion
This study was conducted to provide more knowledge on how and when to use magnetic resonance imaging in patients with meningitis induced severe hearing loss. The clinical relevance is reXected in the objective to accurately and timely diagnose the process of osteoneogenesis and thus limit its potential interference with cochlear implantation.
The MRI Wndings in this study are compatible with Wndings on the use of MRI scans of the labyrinth in other studies with regard to the agreement between imaging and surgical Wndings [14, 15] . Not many radiological studies focus exclusively on the condition of the cochlea after meningitis which makes a direct comparison to other MRI studies of patients with a mixed aetiology of deafness only of limited value. A study that does target the same group was carried out by Chan et al. [22] , who suggested looking at the lateral semicircular canal as well as at the cochlear basal turn when predicting the presence of cochlear osteoneogenesis on MRI. This recommendation, not to limit the observation to the cochlea alone, is supported by the present study in which the agreement between radiological observations and surgical Wndings was consistently higher when the whole labyrinth instead of only the cochlea was judged ( Table 2 ; Fig. 3 ). It is worth noting that the higher scores for the radiological judgment of the whole labyrinth were found for all parameters apart for the positive predictive value on T2 weighted MRI. This higher positive predictive value might have reXected the presence of cases in which the osteoneogenesis was limited to extra-cochlear parts of the labyrinth and therefore not encountered during surgery.
The high positive predictive value of both MRI modalities reXects their value when one aims to make sure that those who are operated on are indeed aVected. It is much more diYcult on the other hand to rule out osteoneogenesis when it is not seen on MRI as pointed out by the lower negative predictive values. This is why repeated scanning after a Wrst negative MRI would be justiWed.
The data in this study indicate that not withstanding the fact that for both radiologists T2 weighted MRI scans consistently show a higher agreement with what is found during surgery no signiWcant diVerence could be established between gadolinium enhanced T1 MRI and T2 weighted MRI in predicting pathology in the cochlea (Table 2 ; Fig. 3 ). The theoretical argument for making a T1 weighted MRI is that it is well suited to detect the active labyrinthitis that precedes ossiWcation and thereby provide early information on abnormalities in the cochlea. In this study the T1 weighted MRI scans made in the early stage after meningitis did indeed show a higher agreement with surgery than those made at a later stage (Table 3 ; Fig. 4 ), but this diVerence is not signiWcant. It is interesting to note that even in the 'early' Wrst 3 months T1 weighted MRI does not show a higher percentage of agreement with surgery than T2 weighted MR scans made at the same time (Fig. 4) . From the data in this study no additional value of combining the Wndings on T1 and T2 weighted MRI could be established (Table 2) . One could therefore wonder if it is useful to make a T1 weighted MRI in addition to a T2 weighted MRI. The present study does not show a signiWcant inferiority of T1 weighted MRI, but neither does it Wnd a speciWc indication for using T1 weighted MRI when analysing a labyrinth after meningitis has occurred. Especially when trying to optimize the surgeons' preoperative knowledge regarding the surgical options left in a pathological cochlea it can be valuable to distinguish the scala tympani from the scala vestibuli so the latter can also be considered for implantation when on MRI the scala vestibuli is still clear and the scala tympani is not. Such scalar diVerentiation is only possible on T2 weighted MRI as was indeed noticed in this study as well (data not used for analysis and thus not shown). Furthermore, one might want to consider that the utilisation of gadolinium is not entirely without risk and Fig. 3 Observations of the radiologists extra caution is warranted in very young children (who form a big group amongst cochlear implant candidates) due to their renal immaturity [23] .
The reason this study included a comparison between early and late radiological imaging (Table 3 ; Fig. 4 ) is that radiological imaging in patients deafened by meningitis provides an image of the labyrinth at one moment on the timeline of osteoneogenesis. When this moment takes place is clinically relevant if one takes into account that for easy insertion of all electrodes of the cochlear implant a minimization of the period of potential damage to the cochlea seems preferable. For valuable radiological imaging the reverse appears plausible because the shorter the period of potential damage to the cochlea the more subtle an anatomical disruption might show up on T2 weighted MRI. T1weighted MRI on the other hand could be expected to be more suited for early use to detect early active labyrinthitis. The data in this study indicate that there is no need for concessions. There was no signiWcant diVerence regarding the degree of agreement with surgical Wndings when the MRI scans were made the Wrst 3 months instead of longer after the meningitic episode. The lack of superiority of radiological imaging at a later stage (>3 months) found in this study means that early radiological imaging can save valuable time without compromising the reliability of preoperative diagnosis. Such early diagnosis shortens the selection procedure for cochlear implantation which is likely to beneWt the performance of the patient with a cochlear implant [13] .
The results in this study show clear trends regarding which MRI modality would be preferred and when to use it. The size of the group and paired analysis limit the statistical power needed to provide hard signiWcant results. This warrants caution when interpreting the data, but should not obscure the consistent trends that are shown. Conclusively, one can state that no signiWcant superiority of T1, T2 weighted MRI or a combination of both was found although the observations on T2 weighted MRI consistently had the highest percentage of agreement with surgical Wndings. This study shows that when early cochlear implantation is preferred the resulting short period of time between the meningitic episode and the moment of radiological imaging does not jeopardize the diagnostic value of preoperative radiological imaging.
